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以传统的浸渍方法分别制备了 MgAl(O)负载的 Ru-M (M = Fe, Co, Ni, Mo)双
金属中心氨合成催化剂。其中以 Ru-Co 催化剂具有最好的氨合成催化活性。 
接下来以 Ru-Co 催化剂为基础，降低 Ru 的含量，并采取不同的 Ru/Co 比例，
测其反应活性，找出当 Ru 含量降低 50%后，Ru 和 Co 含量均为 2%的催化剂具





(3) 研究不同载体上的 Ru-Co 双金属活性中心催化剂 
     分别制备的以 MgO 和 MgAl(O)为载体的 Ru-Co 双金属活性中心催化剂。


















剂在 425 ºC以下几乎没有活性。 
2. 氨合成反应动力学研究 






































Ammonia synthesis is one of the most important chemical industries in the world, 
every countries have paid great efforts to develop ammonia synthesis industry. 
Ruthenium-based catalyst has been named as “The second-generation catalyst for 
ammonia synthesis”, because it has high catalytic activity for ammonia synthesis and 
can be operated in mild conditions. In 1992, carbon supported ruthenium catalyst was 
firstly used in the Ocelot ammonia synthesis industry in Canada. However, ruthenium 
is known to catalyze carbon gasfication and that results in a great drop of the activity 
under the operating conditions, which prevents ruthenium catalysts from extensive 
application in ammonia synthesis. Magnesia is an alkaline oxide with high surface 
areas and it is stable under the operating conditions, so magnesia has been widely 
studied as a support for the preparation of ruthenium catalysts. However, the ammonia 
synthesis activities over magnesia-supported ruthenium catalysts are much lower than 
that of carbon-supported ruthenium catalysts under the same operating conditions. 
Herein, preparation of ruthenium catalysts with high catalytic activities for ammonia 
synthesis and high stability under the operating conditions is very important to the 
ammonia synthesis industries.  
However, ruthenium-based catalysts are not widely employed in industrial 
ammonia synthesis since the expensive cost. To prevent from methanation and easy 
lose of the carbon type supports, we investigated the ammonia synthesis catalysts with 
low ruthenium amount and oxide supports。This thesis is in order to solve the above 
problems. 
 
1. Supported bimetallic active center catalysts for ammonia synthesis  
(1) Selections of bimetallic active center catalysts 
The Ru-M (M = Fe, Co, Ni, Mo) bimetallic active center catalysts were prepared 
by incipient wet impregnation process, the Ru-Co bimetallic active center catalyst was 















Catalysts with a Ru loading of 2 wt% and Co loading of 1~5 wt% supported on 
MgAl(O) spinel supports were also prepared in order to reduce the amount of Ru. The 
results show that the catalyst with Ru and Co loadings of 2 wt% is much more 
valuable, and it was almost as same as the catalyst with Ru and Co loadings of 4 wt%. 
(2) Several preparing methods were studied 
Incipient wetness impregnation, EG reduction coprecipitation and KBH  solution 
reduction were applied in preparing of the bimetallic active center catalysts. The 
results showed that EG reduction coprecipitation was the most efficient method. 
4
(3) Synthesis of Ru-Co bimetallic catalyst on different supports 
   MgO and MgAl(O) supported Ru-Co bimetallic catalysts were prepared. The 
results showed that MgO supported Ru-Co bimetallic catalyst was more active. 
(4) K and Ba Promoted Ru-Co bimetallic active center catalysts were studied. The 
results showed that KNO3 promoted catalyst was more active, and BaNO3 promoted 
catalyst almost showed no activity under 425 ºC. 
 
2. The Kinetics of Ammonia Synthesis over Ru-Based Catalysts  
    The kinetics of Ru/MgO and Ru-K/MgO catalysts for ammonia synthesis were 
studied and calculated on the pressure of 3.0 MPa and 5.0 MPa to obtain the orders of 
the N2, H2 and NH3. The results showed that the order of N2 was about 1. This result 
indicated that the decomposition of dinitrogen was the rate determination step for 
ammonia synthesis. However, the orders of N2 and H2 of Ru/MgO were different with 
Ru-K/MgO. The addition of KNO3 into Ru/MgO can decrease the adsorption of H-H 
on Ru surface. As the increase of pressure, the reaction order of H2 becomes more 
negative which lead to a decrease of the catalytic activity for ammonia synthesis. 
Moreover, the value of the NH3 order of Ru-K/MgO catalyst was negative, meaning 
that the presence of NH3 depressed the catalytic activity for ammonia synthesis. NHx 
was adsorbed on the Ru active centers and prevented the reaction of the ammonia 
synthesis. 
 





























































1 3N (g) + H (g) NH (g)
2 2
= 3  
∆Hº427 ºC = -52.5 kJ/mol 
∆Gº427 ºC = 27.4 kJ/mol 






































Associative Mechanism n Dissociative Mechanism n 
N2 + * ↔  N2* 1 N2 + 2
* ↔  2N* 1 
N2* + H2  N↔ 2H2* 1 H2 + 2
* ↔  2H* 3 
N2H2* + H2 ↔  N2H4* 1 N
* + H* ↔  NH* + * 2 
N2H4* + H2 ↔  2NH3 + * 1 NH
* + H* ↔  NH2* + * 2 
  NH2
* + H* ↔  NH3 + 2* 2 















































































呈驼峰形曲线，如图 1.2 所示。在Fe2+/Fe3+ < 1 的范围内，活性与Fe2+/Fe3+关系呈
火山形曲线，如图 1.1 所示。 
 
图 1.1 经典的火山形活性曲线[24]
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